What are guanosine triphosphate-binding proteins doing in mitochondria?  by Thomson, Murray
Review
What are guanosine triphosphate-binding proteins doing in
mitochondria?
Murray Thomson *
School of Science^Biology, University of Western Sydney Nepean, PO Box 10, Kingswood, NSW 2747, Australia
Received 15 April 1998; revised 20 May 1998; accepted 29 May 1998
Abstract
The discovery of GTP-binding proteins in mitochondria is a recent event. These regulatory proteins may be participating
in membrane fusion and thereby playing important roles in the physiology of the mitochondrion. So far, it has been proposed
that GTP-binding protein mediated membrane fusion may be involved in protein import, steroid hormone production and
mitochondrial amalgamation during spermatogenesis. ß 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction
There are two major families of GTP-binding pro-
teins. The heterotrimeric GTP-binding protein family
includes proteins with a GTP-binding K unit of ap-
proximately 35^50 kDa. These proteins are often re-
ferred to as G-proteins and function in many cell
types to transmit messages across the plasma mem-
brane to ion channels or intracellular messenger
systems [1]. The monomeric GTP-binding proteins
are characteristically smaller, at approximately 14^
33 kDa, and thus the name ‘small GTP-binding pro-
teins’ is often given to this group [2]. The small GTP-
binding proteins have been shown to be located in
cellular organelles and have been implicated in a
wide range of cellular functions. For example, it
has been shown that the ras family of GTP-binding
proteins are involved in signal transduction, whereas
ARF proteins mediate coatomer-coated vesicle for-
mation and the rab family orchestrate vesicle trans-
port and fusion as well as the tra⁄c of proteins with-
in the cell [2^4].
The functions of some small GTP-binding proteins
in various parts of the cell indicate that these pro-
teins have the potential to modulate membrane fu-
sion. When a membrane vesicle such as that which
leaves the endoplasmic reticulum docks with its tar-
get membrane a small GTP-binding protein, such
as a rab protein, is often needed to mediate the
association [3,4]. Small GTP-binding proteins often
possess a hydrophobic region which has a⁄nity for
a phospholipid membrane [2]. Another part of the
GTP-binding protein binds to the target membrane,
often via a linking molecule, such as a soluble N-
ethylmaleimide-sensitive fusion protein-attachment
protein-receptor (SNARE) [5]. In the mitochondri-
on, similar mechanisms may be used to fuse mito-
chondrial membranes and this may be an impor-
tant part of the physiological control of mitochon-
dria.
By the early part of the decade, it was established
that small GTP-binding proteins could be found in
organelles including the endoplasmic reticulum and
Golgi apparatus. The study of mitochondrial GTP-
binding proteins, however, is a £edgling ¢eld. The
¢rst scienti¢c meeting reports of GTP-binding pro-
teins in mitochondria were met with surprise as very
little is present in the literature pre 1990 to point to
the existence of mitochondrial GTP-binding proteins.
Very soon, however, peer reviewed reports of the
presence of GTP-binding proteins in the organelles
convinced the scienti¢c community that the phenom-
enon was genuine as reviewed below. Furthermore,
work has begun on elucidating the roles that these
molecular switches play in the physiology of the mi-
tochondrion.
2. Clues to the existence of mitochondrial
GTP-binding proteins from studies on
mitochondrial ribosomes
In 1980, it was reported that GTP stimulated the
ampli¢cation of mitochondrial protein synthesis
which led to a proposal of a GTP/binding protein
interaction on the outer mitochondrial membrane
[6,7]. An additional or alternative explanation is
that GTP or a GTP/binding protein complex is pass-
ing through the outer or outer and inner membranes
membrane via a transmembrane channel, such as the
benzodiazepine receptor [8]. This would allow the
nucleotide to interact with: (1) the inner membrane;
or (2) a mitochondrial matrix structure; (3) an inter-
membrane structure or (4) the contact point between
outer and inner membranes. In 1991, it was discov-
ered that there was a high a⁄nity GDP/GTP-binding
site on bovine mitochondrial ribosomes. The authors
suggested that a GTP-binding site may regulate pro-
tein synthesis, perhaps via regulation of initiation
complex formation [7]. It was not established, how-
ever, whether the GTP-binding site on the mitochon-
drial ribosome was in fact a protein [7]. Lastly, it will
be important to determine whether the ribosomal
guanine nucleotide binding site is regulated by GTP
endogenous or exogenous to the mitochondria. The
concentration of GTP has been estimated at approx-
imately 0.4 mM in the matrix [9], but it remains to be
determined whether the mitochondrion ‘imports’
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GTP through its outer and inner membranes to con-
tribute to the GTP pool in the matrix.
3. Clues from studies on the mechanism of
steroidogenesis
In 1989, Xu and co-workers demonstrated that
GTP augmented the production of pregnenolone in
mitochondria isolated from rat adrenal glands [10].
The conversion of cholesterol to pregnenolone by
cytochrome P450 side chain cleavage (P450scc) is
the ¢rst and rate limiting step in the synthesis of
cholesterol by mitochondria. To reach P450scc chol-
esterol must pass from the outer membrane to the
inner membrane where P450scc is located. It is be-
lieved that to do this it passes through points of
contact between the outer and inner membrane.
GTP had been found to stimulate points of fusion
between microsomal membranes and the nuclear en-
velope [11] and Xu et al. postulated that an analo-
gous mechanism may be stimulating the formation of
mitochondrial membrane contact points [10]. It is
now known that small GTP-binding proteins are
often involved in the fusion of membranes in various
parts of the cell and Xu et al. suggested that a ‘GTP-
regulatory protein’ may be controlling the £ow of
cholesterol through the mitochondrial contact point
[10].
4. Clues from studies on protein import
The mitochondrion synthesises some of its own
proteins but imports many of its proteins through
contact points. A protein that is destined for the
matrix ¢rst interacts via its N-terminal signal peptide
with a mitochondrial receptor [12]. The protein is
then translocated through the contact point and
this step only occurs in the presence of either ATP
or GTP [13,14]. If a nucleotide binding protein was
modulating the £ow of protein through the contact
points, there were two possibilities. Firstly, the regu-
latory protein could be a non-speci¢c nucleotide-
binding protein that had approximately equal a⁄nity
for adenine nucleotides as compared to guanine nu-
cleotides. Alternatively, there may be a speci¢c ATP-
binding protein as well as a speci¢c GTP-binding
protein and either of these proteins function to pro-
mote protein import into the mitochondria.
5. Discovery
Stimulated by the clues from protein import stud-
ies and the role of GTP-binding proteins in mem-
brane fusion Lithgow and colleagues set out to de-
termine whether mitochondria from yeast and rat
liver contained GTP-binding proteins. Samples
from these mitochondria were incubated with [K-
32P]GTP which was then covalently cross linked to
binding proteins by UV irradiation. The binding pro-
teins were then analysed by electrophoresis and auto-
radiography. These techniques revealed that a
52-kDa GTP-binding protein was present in the mi-
tochondria [15]. When [K-32P]ATP was used instead
of [K-32P]GTP, no labelling was observed. It was not
determined whether the 52-kDa protein showed a
lower a⁄nity for ATP so a quantitative measure of
the guanine speci¢city of the 52-kDa protein is not
known. To determine the location of the novel pro-
tein, the organelle mitochondria were disrupted into
vesicles of inner membrane, outer membrane and
vesicles that broke away from the mitochondria
around areas of contact point sites. These contact
point vesicles contained both inner and outer mem-
brane fragments joined at the contact point. The mi-
tochondrial vesicles were fractionated on a sucrose
density gradient in which inner membrane is found
at the bottom of the tube, outer membrane is found
at the top of the tube and contact point vesicles
migrate to an intermediate point, approximately in
the middle of the tube. The sucrose gradient was
collected as 35 fractions and the GTP-binding pro-
tein was found in contact point and outer membrane
fractions. This result led the authors to propose that
the GTP-binding protein may play a role in contact
point architecture [15].
Hall and co-workers were interested in the possi-
bility that mitochondria from steroidogenic tissue
contained GTP-binding proteins which were involved
in the transport of cholesterol to P450scc and the
initiation of steroidogenesis. This laboratory used
photoa⁄nity labelling to identify a small GTP-bind-
ing protein of molecular weight 19 kDa in mitochon-
dria from bovine adrenal [16]. Not all GTP-binding
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proteins can be labelled by the photoa⁄nity method
and Sleer et al. used an [K-32P]GTP overlay blot
technique to identify GTP-binding proteins of molec-
ular weight 22, 24, 25 and 27 kDa in bovine mito-
chondria from adrenal [17]. Later, the overlay blot
technique was employed to ¢nd GTP-binding pro-
teins of 23 and 25 kDa in mitochondria from human
placenta [18]. Furthermore, these small GTP-binding
proteins were found predominantly in contact point
vesicle fractions, indicating that they are located in
the contact points between the inner and outer mem-
branes [17,19]. Binding of [K-32P]GTP to the 23- and
25-kDa placental proteins was obliterated by an ex-
cess of unlabelled GTP, but not by an excess of un-
labelled ATP, thereby showing a speci¢c a⁄nity for
the guanine nucleotide [18]. Whether these adrenal
and placental GTP-binding proteins are similar to
GTP-binding proteins found in other tissues and oth-
er parts of the cell is unknown. It is noteworthy,
however, that antibodies raised against rac1 bind to
a protein with approximate molecular weight of
23 kDa present in mitochondria isolated from rat
kidney [20]. Whether the 23-kDa protein present in
placental mitochondria is similar or identical to rac1
is not known at present. Commercially available
antibodies to known small GTP-binding proteins
could be used in future studies to try and identify
mitochondrial GTP-binding proteins.
An additional use for a commercial GTP-binding
protein antibody is to demonstrate that the mito-
chondria used in a study are free from contaminants
from other parts of the cell. While antibodies to ras
do not show any binding to mitochondria from hu-
man placenta puri¢ed by centrifugation, they reveal
the presence of ras in nuclear fractions as well frac-
tions containing cytosol, plasma membrane and mi-
C
Fig. 1. Possible mechanisms for the role of GTP-binding pro-
teins in mitochondrial membrane fusion. (A) The GTP-binding
protein has hydrophobic transmembrane regions and when
stimulated with GTP uses a hydrophobic region as an anchor
in a second membrane. (B) The GTP-binding protein has a⁄n-
ity for a membrane-bound protein and when stimulated with
GTP a⁄xes itself to a second membrane via a hydrophobic an-
chor. When activated, the GTP-binding protein recruits a solu-
ble factor (SF) which helps reinforce the fusion between the
membranes.
BBAMCR 14344 17-7-98
M. Thomson / Biochimica et Biophysica Acta 1403 (1998) 211^218214
crosomes [18]. This result indicated that the mito-
chondrial preparation was uncontaminated by other
cellular fractions. This technique to establish purity
should prove useful in prospective studies on mito-
chondrial GTP-binding proteins in other tissues and
species.
6. Proposed functions of the contact point
GTP-binding proteins
As yet, the functions of small GTP-binding pro-
teins in mitochondrial membrane contact points have
not been unequivocally established. It has been pro-
posed, however, that GTP-binding proteins may be
regulating the tra⁄c of both protein and cholesterol
through the mitochondrial contact points by regulat-
ing the formation or stability of these areas [16,21].
Furthermore, the possibility that GTP-binding pro-
teins pull the outer and inner membranes closer to-
gether to increase the e⁄ciency of conduit to the
inner mitochondrial membrane has been discussed
[21]. This type of function could be achieved by a
small GTP-binding protein in the outer mitochon-
drial membrane that attaches to the inner membrane
via a hydrophobic anchor and pulls closer the inner
mitochondrial membrane [16] (see Fig. 1A). Alterna-
tively, a GTP-binding protein may have a⁄nity for a
protein in the outer membrane and insert a hydro-
phobic anchor into the inner membrane (see Fig. 1B).
When active, some GTP-binding proteins recruit a
soluble factor to aid in membrane fusion [22] and
this possibility needs to be explored in future studies
on mitochondrial GTP-binding proteins (Fig. 1B).
Additionally or alternatively, GTP-binding pro-
teins may be modulating mitochondrial biomolecule
import in a manner analogous to that proposed to be
in£uencing the import of proteins through the nu-
clear membranes. In this nuclear model [23], the
ran protein, when bound to GDP, stabilises a com-
plex which also includes the nuclear localisation sig-
nal, the nuclear targeted protein, and heat shock
protein 70 [23]. This complex enters the nucleus
and exchange of GTP for GDP on ran allows the
dissociation of the complex. The ran protein is re-
cycled by travelling out of the nucleus and once its
inherent GTPase activity converts GTP to GDP is
ready to form another import complex [23]. This
scenario implies an attractive model to describe mi-
tochondrial translocation of cholesterol. Perhaps a
GTP-binding protein forms a complex that includes
cholesterol and a protein such as the steroidogenic
acute regulatory protein [24] and this complex is
drawn through the mitochondrial contact point re-
gion.
7. Puri¢cation
Takeda et al. found GTP-binding proteins of 23,
26 and 33 kDa in the heavy organelle fractions of
Ehrlich ascites tumour cells and went on to purify,
the 33-kDa protein which they named MTG33 [25]
and a lower molecular weight related protein [26].
MTG33 was shown to contain GTPase activity and
polyclonal antibodies were raised against MTG33 in
a rabbit. The authors used density gradient ultracen-
trifugation to separate cell extracts into nuclear,
heavy mitochondria, light mitochondria, microsome
and cytosol fractions. MTG33 immunoactivity was
highest in the heavy mitochondria fractions, but
was also present in the nuclear fraction. The authors
concluded that MTG33 is located in the mitochon-
dria. While the mitochondrial fraction did contain
signi¢cant amounts of L-glucuronidase activity (indi-
cating lysosome contamination) histological studies
indicated the co-localisation of MTG33 immuno-
£uoresence and mitochondrial succinate dehydrogen-
ase [25].
The production of MTG33 antibodies clears the
path for studies on the precise location of the pro-
tein. The point of contact between inner and outer
mitochondrial vesicle membranes can be visualised
using transmission electron microscopy [16]. In addi-
tion, immunogold labelling has clearly shown the
preferred locale of creatine kinase to be the contact
points between inner and outer membrane [27]. The
existence of MTG33 antibodies coupled to micros-
copic gold beads would allow determination of
whether MTG33 is located in the inner or outer
membrane or in the contact points. While it has
been proposed that MTG33 has a role in a mito-
chondrial function [25], that function or functions
is/are as yet a complete mystery.
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8. The role of predicted GTP-binding proteins in
sperm mitochondrial fusion
Studies on Drosophila indicate that GTP-binding
proteins may assist in the joining of mitochondria via
the fusion of outer membranes. In Drosophila, mito-
chondria display pronounced morphological change
in spermatogenesis. After meiosis mitochondria as-
semble around the nucleus and coalesce to form
the single large coiled mitochondrion that is located
in the midpiece and powers the £agellum [28]. When
sliced across a transverse plane and viewed in trans-
mission electron microscopy, this mitochondrial ar-
rangement displays a concentric circle pattern similar
to that of a sliced onion.
Hales and Fuller [29] have identi¢ed a gene which
has been shown to be essential for mitochondrial
fusion in spermatogenesis. This gene has been named
the ‘fuzzy onion gene’ or ‘fzo’ for short and contains
a 186 amino acid region that is common to many
proteins with GTPase activity. The predicted amino
acid sequence of fzo contains two hydrophobic re-
gions and the authors speculate that one region may
reside in the inner membrane while the other is in-
serted in the outer. Furthermore, the authors pro-
pose that the fzo coded protein may operate in mi-
tochondrial fusion by binding to an outer membrane
protein, such as porin, on another mitochondrion.
Alternatively, the fzo protein may be homophilic
and bind to its twin on a second mitochondrion
[29]. An interesting possibility is that the fzo coded
product allows docking of mitochondria via contact
point to contact point interaction. This raises the
question of whether such a process allows the trans-
fer of molecules between the organelles via channels
brought into alignment (see Fig. 2). Furthermore, is
such a process an integral part of mitochondrial fu-
sion? It will also be interesting to see whether a pro-
tein product of the fzo gene can be identi¢ed via
GTP-binding. If this is the case, this would facilitate
studies on the mechanism used by this GTP-binding
protein in spermatogenic mitochondrial fusion.
9. Conclusion
Studies on the physiological roles of GTP-binding
proteins in organelles, such as the Golgi and endo-
Fig. 2. Model based on the proposals by Hales and Fuller [29]. GTP-binding protein mediated joining of mitochondria via contact
point alignment. This model may allow the passage of biologically active molecules between the cells.
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plasmic reticulum, have led to an explosive increase
in the understanding of cellular processes, such as
vesicle transport [3,4]. If future research on mito-
chondrial GTP-binding proteins follows a path sim-
ilar to that history, then we are at the tip of the
iceberg in relation to our understanding of the regu-
lation of mitochondrial function. This potential cor-
nucopia of knowledge on what is a very important
organelle will open up exciting new vistas. These in-
clude the acquisition of strategies to combat diseases
caused by mitochondrial dysfunction. It is to be
hoped that these possibilities form a powerful incen-
tive to attract more researchers to the dynamic ¢eld
of mitochondrial GTP-binding proteins.
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